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purpoic  ol  exploring,  with  «i.iuttl  rr.svir.;  tirjs'r,  ?’.’  cr:  tne 
problem*  *i«pcia!:d  with  coherence  oi  ai.gn*X*t  croocorreljc- 
uon,  »tor*ge,  IilfeTmg.  ^nd  iono*phentprop»jation  phenoiri' 
rn*  ttv  (he  hXbgiiu.  I{u«r*«aa)rc.h  cadAT  i*  baiically  a 
cohtieul-pulrie  uopplcr  rador  in -whedh  the  eeo»»tortelauon 
and  integrsiion  i»  accomplifhed  by  an  automatic  frequency 
ar^  phaae  contiul  circuit  called  an  active  iUtax , 

The  perfurmince  ui  the  active  filter  wa*  meaaurcd  with 
kcputa  uf  ■imulaltd  target  aiinalt  and  whita  noiac.  Improve¬ 
ment  near  the  theoretical  limit  fat  the  ayatemin  output  aignal- 
to-BOiee  ratio  over  input  aignal-Co-itoiae  ratio  wae  obtained. 
At  iheinput,  the  nnmmum  detnciabii'  aignal -aat  26.5  db  below 
me  not  ee  level,  and  with  Uu>  inju-»  i—.-;!  th.,  output  eignal  vtaa 
16. C  ^b  above  the  noier  level.  The  performance  of  the  com- 
pleli  Muatc  radar  lyatem  wae  iiteaaured  with  actual  aircraft 
tar|tt>,  and  no  degradalton  in  rcaulte  from  ihoae  obtained 
u'th  aimvUatcd  aignaJ*  uae  found.  These  reaulta  highlight 
the  ahtlity  of  liie  iyttcin  io  reject  completely  iht  effects  of 
tha  encrmouily  large  backaiatter  clutter  encountered  in  the 
hi  band. 


TROahSif  STATUS 

Thie  la  an  inteiim  report  on  one  phase  of  the  problem; 
'•ork  IS  conltniMng  on  the  problem. 
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[UnLlaakUied  Title] 


INTRODUCTION 

The  Prejet-t  Music  rad»/  eystem  ts  b^sicaTly  »  cch-  .""..^-pulte  doppler  radar 
i '1  which  the  c  rosbcorreiaticn  and  integraUen  i»  accomplished  by  an  auiomatic 
vequer.cy  ar.d  phase  control  circuit  (afpc),  -'<uled  an  active  filter,  which  rep!acc>> 
up  tc  3600  fixed-frequency  narrow-band  doppler  filters  in  each  range  gotc.  This 
i  research  radar  was  created  fur  the  purpus*-  of  exploring,  with  actual  moving 

i  targets,  all  of  the  problems  associated  with  coherence,  crosscorrelation,  storage, 

u.  filcerjng,  and  alao  linc-of -sight  and  ionospheric  propagation  phenomena  in  the 

*  hf  band . 

*  Earlier,  a  riimulated  radar  had  been  leyeloped  to  determine  whether  the  full 
the<  retical  enhancement  in  signal -tu-noise  ratio  over  a  one-hit  radar  was  obtain- 

-  able  in  a  syslctu  employing  c rossc orrelatica  and  storage  techniques.  Simulated 
signals  wsre  buried  in  artificial  noise  in  thta  experiment,  and  it  was  found  that 
almost  exactly  the  gain  in  signal  tc-n''i*e  t  atio  nr»diriari  by  theory  was  realisable. 
The  successful  solution  of  the  problems  associated  with  this  system  leo  to  the 
question  of  how  much  of  the  theoretical  gai  i  in  signal -to-ncir.e  ratio  can  be 
retaliieu  with  actual  moving  targets,  where  the  echos  might  be  deg.’aded  in  various 

^  ways.  Consequently  Project  Music  was  established  to  answer  not  only  this  ques' 

j  tion  but  also  many  others,  as  suggested  previously.  This  report  is  concerned  ordy 

-  with  the  question  of  determining  how  much  cl  the  theoretical  gain  in  signal-to-noi se 
TftteC  CmH  bs  cbteUnsb  v/ith  SLCtu&I  nic*/ing  targets. 


jr 
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EQUIPMENT 

A  bii>ipli/ied  block  diagram  oJT  the  Music  radar  ia  shown  in  Pig.  1.  Only  a 
single  receiving  channel  and  the  circ^jr*  oi  one  range  gaic  are  i/nowr..  A  more 
complete  descriptior.  is  available  elsewhere.*  The  transmitter  operates  on 
4^6.6  Me,  with  a  p-ulse  power  of  6.4  kv,  and  a  pulse  width  ol  ZbO  ffwte  .  Provision 
is  made  for  rapidly  Hrlri.iiiig  a  pul  vc ~  i  irCuA  rcncc  rate  in  steps  cf  2  to  )  from 
li>-5/8  to  500  ppB.  A  rotatable  iwo.«bay  Yagi  antenna  which  has  a  gam  of  about 
12  db  IS  used  udih  the  system.  A  photograph  of  the  Music  radar  sysUr:,  exrlusiv^. 
of  the  transmitter,  is  bhown  in  Pig*  Z.  Figure  3  shows  the  trans, ratter  exciter, 
driver,  final  amplifier,  and  power  supply. 

l^-ase  co.ierence  is  maintained  in  the  system  by  generating  ail  i:Ocal •OawiUator 
And  timing  signals  from  one  master  lOG-kn  crystef  oscillator.  Double  rjoeversior. 
is  employed  in  the  receiver.  The  40C-kc  “local -csciilator"  signal  is  a  stored 
copy  of  the  rl  transmitter  pulse  obtained  from  the  etecage  system.  3iurm,fc  inpitt 
18  dcr*”>»d  ^rom  the  rnonitor  receiver,  -^uiich  is  a  iow-^sin  device  that  moiitors 
'Tt'  i.r-  oandtter  outpui. 

*0.  ^  -ic-.i  rod  r.  M.  Cagti',  "Crettcar  r«l  «i  i«r  llvctroatc  Stor«c*  gadwri"  NIL  fl'lS 

(  ■'  •Z  ^ffiort.  Unci.  Titla),  Qct.  39.  19»7 
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Sir>c«  •ignjd  rr^clcfui  ul  storAgc  i»  *  4C0-kw  copy  oi  the  creJiOn'..*i?'3i  puXee. 
}t  •'fectavrly  gate*  ti.e  rrvfkn  rec0tv#r  o*t  ior  th*  tim«  o*  one  r&nge  element.  The 
del^y  in  redout  U«w  *A  tliv  ».l  ,iuie«  deterrmnee  the 

rsrige  poittiUh  o{  ihie  getc.  Irt  turn.,  the  reedvut  ciele^y  it>  conlruiled  hy  the  Umc)' 
uzut.  Thue  the  thuUc  c/  opervton  i$  tc  ect  the  gate  *ti  ^or  exnmple.  ISO  n«ut  mi; 
eirbornc  tergeie  wtli  be  eahjcct  lu  detection  upon  entering  en  erca  neui  nd 
deep  (et  th^e  rxnge)  4nd  ae  wide  xs  the  eoicnAe  Unem.  U  circoile  for  the  other 
getei  were  tncludcu,  then  all  areas  iiium>natcd  by  Jte  antenna  bcarn  could  u. 
placed  under  •urveills.nce .  <  Within  a  given  range  gate.  rr\*ilUpIe  targets  cutuiot 
be  diecriminaied.  In  order  to  dier.inguieh  mere  than  one  target  within  a  range 
gate,  active  iiltcre  mav  Ve  paralltled.  with  the  obvious  lurdtation  that  perhaps 
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no  TDOre  than  threi*  or  Ictui  '.an  tc  ^ractuaUv  uiiiiacd.)  '*a»  acidcd 

\ht  tyatem  lu  provide  the  UexiOihty  ot  var.^;:*  and  modulauona  th* 

iranvrrutter  output. 


The  i*r»al  receiver  ;•(  lr')r}uenw>  leaa  deUbereialy  made  e^ua*  to  jOO  k<,  U;« 
/rvciueo'ry  of  the  tnaaier  cryeiat  oecUIator,  tf'  aimphfy  rAAge>raie  dc*.  rrr»;nuUone, 
a»  wriii  he  driivuieed  later  A  nar r •'(^andpaea  (rite r  ar>d  a  nar ro«  r'ljeciron 
(titer,  both  <  entered  i  00  Kc,  (uiioa  neat  ix*  the  iVU-kc  ehaun.  The  pn^pote  oi 
*.hc5e  (titers  is  i*u«  eperaSing  >.%  7 ,  i-isvi  raijiv  IdraLk.* 

acatter  echoa  {potrnUoli>  lOQ  db  aU^ve  mtiurrturr.  detectable  argnai)  arc  retervcw 
(rom  vary  long  'T3tr,gt»  UOOp  to  i!i00  nti).  Srr.vc  tha  radar  norn^aUy  oparalea  wtW. 
•horter  baae  rangea.  iheac  argnaia  are  unre eulvable  and  ambtg-.vu».  henca  ihay 
eompiately  obteure  all  but  vary  cloae^tn  iar^a  target*.  The  chaiactartattca  ui 
thia  backaca^ier  ware  extenaiviiy  tnveatigatcd,  parii<:ul*rly  *iih  raftp#<t  to  ita 
spectra,!  handwtdUt.*  U  «at  found  that  the  atdeband  c<*arg>'  ua«  down  to  the  lave! 
of  the  aftvenna  and  receiver  noiat  tn  a  (Uter  ba&dwidth  oi  1/20  epa  at  plu*  and 
niiros  4.0  cp*  (font  the  t-i  carrier  (ret^uency.  In  other  word**,  all  ;>(  lha  hack* 
icaittrr  vignal  ru^rgy  thivt  Cvvuu  r«fc^a  the  thrcaiipid  u:  dctccuon  ai  a  crolfcor* 
ralanon  ayatem  coniatned  in  the  ^4-cp«  band  around  each  repetUton*rate 


C  l-  Ca4»csi«. 

rtft  *.!%<  1  -  T  t  <  I  *  )  .  •  t  C  S  r 
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romponent  of  thr  pul»^  spt  i- S  »t.  in  .i^^parpnl  that  li  x  rcierlior. 

With  a  situhlly  wtd^rr  bandwtath  drid  •’Aili«*rr.!  AMrr  ,n  in  the  stup- 

band  i  •  c  unnec  led  in  In**  »  r  Ka««-  .  •  i'-  V  -  c  i!l  r  r  c  :  r.  bi  v  .n;. pi  el*  1  *  *.  i. « •  Au^lr  c: . 

The  oniy  penalty  it  the  loet  ol  the  f;rt:  five  vv*le*>  u)  the  doj'plcr  bar.d.  thid  it  oi 
li1t]r  coni»<}Ucnre  ir.  the  i.r»-r-*.»*ed  appin  v*s  '.hr  iyUt  n..  Siulc  •'"•rr* 

u«^ea  not  .lee*-*  '•>  De  rrtasMr.?,  rKe  •«tten:  r?;,iv  «irT'.pT>  r,;^  r  r«>  s  >  btiii  a.oj'id  or.i> 
the  ravfter  component  ol  the  eignat.  the  .‘ihrr  tpeitr.*.]  tomporenlt  beinB  rriff'^d 
by  the  ner row *6end^ao t  filter  which  precedet  the  rejection  hiier 
li  ail  apr  c  t  ral  .  <  mponent  t  are  Admit:  rU  to  the  prod-.ic  t  detector  oi  'Se  t  r  <>•«•  nr  - 
relalor,  tncn  a  rejection  filter  to  eltmirate  bachrcatter  mual  be  deaisned  for 
each  component  trequency. 


1  he  uutpd  ui  the  lOO-hc  rejrv  tion  filte  r  drivca  the  a^Uve  filter.  1a  the 
Music  radar  eystem.  the  active  iTlter  (Pig.  4)  performs  the  c  roaecorrelal'ion 
function  by  inoltiplying  thr  aign«I  with  a  leferencc  and  then  integrati.'st  or 
nerrow^banding  around  il.  The  cutoff  frequency  the  low^pass  filter  is  such 
that  the  clfectivv  output  bandwidlii  is  lest  thsui  1/20  cps.  In  the  *haence  of 
bachecatter  signals,  the  input  banuwtdth  as  determined  by  &  filler  preceding  the 
active  filter  rr^ay  be  as  large  as  desired,  li  oAe  wishes  tc  cumparc  tne  periorinance 
of  th'i  active  filter  writh  a  coi«vi;i.tion&l  rad^r.  how-cv««r.  Uas  bat.dwidih  ideally 
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•hould  no  wider  th.*n  nccr^M^ry  (inr  larirnt  aiKiiaJ -to^noi te  ratiu  4<  the  inpui'j 
to  paiS  the  'T^o>t  »k)|ntU  rncr6:y  and  the  2ri.st  noise  er-rrsy..  where  tt  is  tiesircri  to 
»  ••pnKI  «f*r  •  «vC  *  nv  #  2  aKaiv^  .  KoT  »  the  band* 

wriilii  may  Lr  <ts  narrow  as  4.0  Vi  .  For  the  Music  radar  svstrni.  a  nArr  -^rr 
bandpass  filter  may  be  used  just  ahead  of  the  active  filter*  subscqtier.t  rai  ge 
A«  prrvi'jorfy  deecribed  {Fijt-  !).  The  overall  bandwidth  rsrrr'*'w-'n£  wi)t 
rrTTii'.r.  !i.**  =a't'r«.  but  She  srp’»T  dyr.asnic  •  an£c  *  i  v  i  ^.r  r.L  s  tht  atSivc  filler 

will  be  reouc  ed  beesuee  of  reduipd  nutse  power,  when  backsc  alter  signajs  are 
present  th^e  is  very  necessary. 


I  I 


I  he  ac  t  ivf  iiiif  r  is  tuned  to  :>per  ms  band  of  doppir  f  rrq  ur  r,^  le  •  cciiic  r  ru 
ur.  lOQ  ki. .  It  will  Auiuma  lie  ally  lock  ons^v  a  d&pj'!-r  5ij;-naJ  viihcr  above  or  b**lc'* 
IOC  k«. .  i  V  r  re  sponoinji  .o  appr<.<«ivhin|t  or  rscedinf  tsrgets.  even  ihou^h  the  signal 
is  buried  many  db  ir  Ai  the  sArue  time  that  it  acguires  targets,  ii  efirc  - 

lively  act*  as  a  v-ery  narru-w^band  lili*-r.  providing  a  large  degree  ol  sigraJ-ln- 
noise  enhanc err^eni .  The  op«  raiu.y,  tUt-ory  pf  an  afpc  cirguii  has  been  published* 
snd  will  tiot  be  reueintcd  here.  Aii  •‘Vuluatioa  of  this  vircuit  will  be  Riven  later 
in  this  report . 

Wiser  the  acuvr  filter  has  ei. vu  a  target*  iir  uoppler  signal  will  ap*  eir  •! 
the  output  of  the  active  filter,  still  at  the  i*i  frequency,  but  with  a  muc  h  larger 
signal  O'HOsse  ratio.  This  enhsnved  signal  may  now  directed  lo  ine  ranj^e- 
ratr  circuit,  as  indicated  in  Kig.  1.  where  it  is  compared  with  the  niaatei'  lUO-kc 
frequency  to  rreasure  :ts  aciaal  dopplcr  frequency.  C>r*ce  the  doppler  frequency 
it  kiiuwii,  radial  range  rate  is  also  known,  l  ikewise,  the  acti\..  filter  output  is 
led  to  a  recuj'.d  circuit  which  determines  whf*hwr  the  dopoler  frequency  is  above 
or  below  the  rriaster  \00  kc,  ;c  prev'ide  the  rreede  or  approach  indication. 


j.  Jvnicr.  «nJ  J.  1.  HcCvodh.  'Ar.  Aettv*  liltvr,*  NKL  Stport  4t3U  ( Cnc  1  i  B  >  M  i  cd  j  ,  Aav,  I9S5 
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Range  xn  ihe  ii  determined  by  the  de)ey  b;t>«-'ecn  the  tr»ri»aulter. 

keying  pulie  and  th^  receiver  gating  tignli.  A^innuth  i»  obtained  from  the  head-* 
mg  of  the  Vagi  anU.\na. 

Th?  r -vr r tinier,  d.  ?•  .  ueirctur  ave  inciudeu  »n  t.^ie  syvrerii 

to  ^ive  a  poflitive  indication  when  the  active  fj,lter  acquAree  a  target,  figure  S 
•hov.»  the  correiaiion  detector.  The  uhate  i9v/*p£ss  i^ltsr  ir<  ihe 

correlation  dete'^tor  arc  ikmilar  to  thoae  in  the  active  filter.  >  bO«deg  phase 
ahvftcr  ;a  placed  in  the  etaentiallv  noif>e>fr^^  ^  rcciii*i.d  il,v 

connection  irotn  the  active  filler.  Ihua  ‘he  correlation  detector  ccrr.par®#  llj« 
phaAv*  coherence  of  the  output  aignal  of  the  active  fitter  with  the  ncacy  input 
tvgnaf  to  thi*  active  filter  and.  if  there  iv  a  phase  lock,  piovides  a  maxitruacd  cic 
output  voltage  proportional  to  input  aignal  strength;  other*c'isc  only  noiar 
here.  Since  the  bandwidth  at  this  point  la  1/20  epe,  ae  determined  by  the  aingle> 
aeevton  itc  loa^'paat  filter,  the  full  enhancement  in  cignal>to>noiae  ratio  from 
banduidth  narrowing  occurs  between  here  and  the  receiver  irtpul>  Aciu&Aly,  tv'o 
cnhanceu  outputs  are  used,  one  from  the  active  filter  and  the  other  from  tK<* 
correlation  detector,  ihe  signal •to^noiee  ratio  at  the  output  of  the  correlaticn 
detector  will  never  exceed  that  of  the  active  filter,  and  furthermore  there  wUI, 
be  no  signal  at  this  pmnt  if  the  active  filler  h^e  not  acquired  target.  Conversely. 
th4«  active  filter  may  have  «  greeter  output  sigoa)*to-noi»e  ratio  under  certidn 
circumstances  than  tne  correlation  detector, -because  of  its  r.ar rower  bandwidth. 
The  dc  voltage,  therefore,  may  b«  u«ed  to  operate  a  threshold  detector  which  i« 
preset  to  actuate  appropriate  indicators  upon  detection  of  *  target  that  causer 
miiput  dc  ''wlfage  to  •isa  a  prudeteiuuoeu  number  of  db  above  the  no*!?e  level  in 
the  l/^Q-cpe  Handvi'idih.  The  correlation  detcrio’’  also  prtwWea  a  3uUviac>ory 
rneana  of  measuring  the  performance  of  the  active  filter,  as  wilt  Ue  described. 


wn»f  *c  'vf  roC4 


Sks-  t  '  ai*ck  dt«st*B  •( 


PSKT  ORMaNCE  nr  the  active  ni-TER 

Since  the  improvemant  in  »ignaI-to*noise  ratio  with  c tcsscorrelaUon  In  this 
radar  eystem  occurs  in  the  active  filter,  the  active  filter* fi  perfernisnee  hum  been 
rr^easureci  Hoth  with  simulated  sigv,«»l9  «x»u  with  acraal  targets  ar.  a  part  of  the 
radar  system. 
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KfcABUiiii)(  Sy»ieni 

Figure  6  showa  the  experimentAl  setup  employetl  in  the  inveatigstion  of  the 
active  filter's  performance.  A  correlation  Hetcctoi.  or  *  rc-a^correlator,  was 


A  signal  generHtnr  tunakie  l90  epa  from  100  kc  prrvideel  the  simulated  low-level 


a  Wide  band  centered  o.'\  100  kc  .  •  heac  signals  are  :;cxt  added  in  a 


currcntii  and  voltagea  vhich  ar«*  amtply  addit.ve  without  »he  complicated  intcr- 
TTiodulalion  effecta  between  diffe^'cnt  frequency  «.  omponc nt u  suc  h  aa  o'‘rur  in  n^.. 
linear  aystema.  The  linearity  of  the-  adder  may  eaeiiy  he  venficu  by  me^Muiing 
vajiuu*  c orr.biriatitjna  of  input  pov  ers  and  the  cuf.put  power  with  a  tr»'»-pow^r- 
reading  inatrument.  lanec^rity  is  ini^urtai.t  in  a  c  roaac  or  relation  ayatem  lor 
optiumum  rrsulta.  Care  haa  been  exerciaed  in  both  the  experimental  meaauring 
aetup  of  Fig.  6  and  the  complete  riidar  system  of  Fig.  1  to  maintain  linearity  in 
all  circuila  froiri  input  to  narrow-band  output. 


Referring  agatr-  10  Fig.  6,  a  barju- 
lirruting  fiilei  restricts  the  bandwir'th 
of  the  white  noise  and  signal  output  ui 
•  he  adder.  The  bandwidth  of  this  filtvr 
was  made  4.0kc*  to  make  it  comparable 

witlt  a  cwttvsuiiwnal  ladai  i  thi«  fCaultS 

in  the  opiiinutn  signal-tO' noise  ratio 
for  a  d50*//sec  pulse  width.  Ubviousty 
no  eawessive  bar.dwidth-  exists,  yet  the 
,;alse*cnvclope  shape  is  approximately 
preserved.  input  signal-to-noise 

ratio  is  measured  here  (thus  a  common 
base  exists  for  comparing  the  ktusir 
system  with  •  cuc-wt  radar}.  The 
signal  aid  nuincf  am  next  gated,  whach 
does  not  change  the  signal-to*nois« 

directly  to  the  active  filter  and  correla¬ 
tion  detector  or  via  a  narrow -band  fiber 


and  1  uu-icc  r ei ec tion filler  wi »hrh»r.4i  « 

^  r»K.  A  .  lor  •*»*i.-rin|  ir.* 

tensucs  previously  described.  U  can 
be  shown  tliat  the  overr-Ll  improvement 
in  signal-to-noise  ratio  is  the  same 

cither  way.  The  output  at  the  correlation  deleclur  is  measured  with  a  true-power- 
rerding  instrunient.  The  total  iinprovv;meni  in  bigiial-iu-iiuise  r^liu  acliicvcd 
f •  oiTi  the  4.0-kc -bard'^idth  outnut  to  the  correlation  deieciui  uulpui  lau  be 

c*;«;exnuncU  from  llie  power  n;casc  reinenl s . 


Measuring  Procedure 

Special  pr*r iitition!*  mus!  be  liken  to  fhaf  .-^11  mt^aaurements  of  iiiwnai 

and  noise  levels  are  true  power  readings,  ihe  measuring  inil rumei'it  ixiay  be 
#»ithar  a  truc-power-measuring  device  such  as  a  thermocouple  meter  or  sorre 
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other  type  of  instrument  which  has  been  calibrated  to  read  power  for  the  particular 
wtfvrfuiiiis  uiieci  in  the  measurement.  The  thermocouple  meter  and  other  inatru* 
menta  may  aiao  be  calibrated  in  rma  volte.  Somutimce  it  is  more  convenient  to 
use  an  oariUoiii-r»i^  »hi»  inm**  rr“;f*!re  ?h?  ci£r.:il  ar.d  r.oicc 

)ev«le.  The  rtrtt  vultage  of  the  eignal  can  easily  be  detennined  by  meaeurine  the 
pcal(-lo*poak  voltaae  of  the  sine  wave  with  the  oacillnacope  and  then  by  calcula¬ 
tion  finding  the  rms  value.  Determination  of  the  rms  voltage  of  white  noise  ts 
not  readiiv  accomulished  at  firat.  but  with  e*nerienee  !*cc*irac*/  C2r.  tr 

achieved.  If  a  known  level  of  white  noise  is  impressed  cn  the  oscilloscope,  it 
wi.U  b«  fti^unu  lhai  the  peak-io^pcak  voltage  level  at  which  only  U.Ul  pe/cent  of  the 
nc.iae  peaks  exceed  the  level  is  "i  .8  times  the  rms  voltage  of  the  noise.  With 
eape '.ience,  tliis  level  can  be  read  with  good  accuiacyi  thus  the  rms  voltage 
value  oi  tne  noiee  can  aJec  be  rneaeured  with  an  oscilloscope.  The  above  factor 
divided  by  two  is  known  as  the  peaii  factor  of  thermal  noise. 

The  output  of  the  correlation  detector  consists  of  a  dc  voltage,  which  is 
proportional  to  input  •iftwHi  lei  el.  a2:tl  a  noise  voltage  superimposed  On  the  dc 
voltage  by  addition  (the  entire  syatem  ie  linear  at  every  point).  Since  the  output 
bandwidth  is  i/20  rps.  thie  noise  ftuctaationM  will  nrrnr  at  a  very  slow  rate.  This 
rsquires  that  any  power  measurement  mutt  integrate  over  at  least  several  minutes 
to  realise  an  accurate  reading  of  noise  power.  A  sensitive  thermoronple  meter 
with  a  very  long  time  constant  was  developed  for  this  measurement,  but  other 
inslrutnents  may  also  be  used,  such  as  a  recording  dc  voltmeter  on  which  integra¬ 
tion  lime  is  represented  bv  storese  or  rHart  time,  and  s  dc  vacuum-tube  volt.m.tftcr, 
whsrs  the  integration  urr«a  must  come  from  the  ooerator’s  memory.  In  the  rases 
of  the  rcvoidcr  and  vtvm.  these  insti 04«tettt»  musl  iiavc  an  ac  ireq^uency  response 
up  to  1/2  cps,  which  selected  ones  do  have,  to  insure  a  faithful  display  oi  signal 
and  noise  voltage  fluctuations.  The  signal  voltage  is  read  off  (He  re*  order  chart 
by  nuting  the  average  di splac<;rr*wr.t  of  the  trace  between  a  signal-cuf  and  a  "ignal- 
Cw.ditivM  Thv  pv.^K-io-pvak  uoiss  voltage  is  deiernunsc  oy  noting  the  plus 
and  ininus  levels  which  are  exceeded  by  only  0.01  percent  of  the  noise  peaks.  At 
least  sava/al  minutes  nf  mt*«f  be  examined  to  fix  these  levels.  Ckica  t)i« 

pea>.  voltage  of  the  noise  is  known,  the  v«iJuc  »»  ubt*in«d  by  dividing  by  the 

peak  fa.;lor.  The  aam<i  procedure  may  be  used  with  a  vtvm  with  nearly  the  same 
accuracy. 


I 


TV  - 

Before  o  )ne«eurement  of  the  improv'ement  in  signal -to-noise  power  ratio 
from  input  to  output  oi  the  active  filter  and  rnreelstion  detector,  rensideratten 
should  be  given  to  the  maximum  of  theoretical  improvement  possible.  A  cross- 
correlator  such  as  the  corralatioi.  uvivcior  with  a  noise-free  reference  and  a 
phase-rol'erent  cw  input  eignal  with  no  gating  of  noise  or  signal  will  have  an 
•  mprovcrricr.i  2  w* 

i  •  P*o. 

where  Pm  is  the  output  signal  power 

Tno  is  the  output  noise  power 
Psi  is  the  input  signal  power 
Fbi  is  the  input  noise  power. 
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Ji  vadue*  a*  uiad  in  the  eyetcm  ate  asaignrd,  then 


d  •  1/8 

I  .  _ « _ 

"  He  K  lein*»>0.i0’*') 


i  J ZO  i  p»j 


and  I  ^  14. b  db  irom  Elq.  (2).  Thte  le  the  maximum  improvemen:  to  ue  expected, 
bated  Oft  n  i,o>««>irce  rclercnce.  With  the  larger  value*  ui  input  (-.Kiial-to-noiie 
ratio,  ih-t  active  /liter  doe*  pro*.ide  an  essentially  noise -/ret  reference  to  the 
corr*la.iian  detector.  The  bardwidth  oi  the  low-pae*  filter  incorpo'xted  in  the 
active  <iliar  has  been  mad*  one-ii/iii  the  »idth  oi  the  correlation  detector's  band¬ 
width  to  help  ineutc  (hi*.  However,  thn  ardve  filter  doe*  have  *  lower  limit  of 
uperaUon  below  which  it  fail*  to  lock  and  acqti're  target*  with  very  low-input 
aigndi-to-noi**  ra'do* .  Therefor*  a  conaidctabl*  departure  from  Uieoratlcal 
imp  rove  me  tit  ahou-d  be  srqiected  ir.  this  ngion.  The  pull-tn  range  ol  the  active 
filler  decraaae*  with  lowered  input  tatio*.  reaching  ast.^  pull-in  *1  the  point  at 
wMc'.  it  tail*  to  tucK.  Since  detection  ie  requireti  over  the  full  rOO-cp*  doppler 
band,  «h«  minimum  detectable  signal  ie  toneidered  to  be  at  the  level  at  which  the 
puli-in  rang*  of  t.H*  active  filter  le  a'^O  cps.  Al  (hi*  aignal  level,  the  target- 
ac^uiaitien  time  i*  10  to  ^0  sac.  With  larger  eignal*.  Uu*  Ume  lapidly  diminiehe* 


Result* 

The  per/ovinanv  e  oi  fhe  acUve  i'Uer  arid  correlation  detector  wa»  mea*ured 
with  the  (xpeririental  etjuinmani  ehown  m  l^ig.  t.  A  aerie*  oi  input  sigiial  and 
npiae  level*  waa  uacd,  and  the  reaulting  output  -ivnai  and  nc.iaa  level*  were  noted. 
In  all  caiaa,  the  peak-iu-peub  input  voiiage  oi  tht  signal  ana  noise  combination 
oias  md*n*aiT>ed  at  th?  largest  ptissiblc  .amplitude  to  in— urc  .hat  tr,s  full  liilvai 
dytiamic  ra;. -n  of  tha  baodpaaa  iiltcr  circuit,  which  repreaenta  the  input  ol  the 
ayitaui.  waa  utilixad.  FieCauee  there  i«  a  minimum  uaabic  aign.ai  level,  thia  helpa 
inauta  the  poatihility  of  nearing  the  limit*  of  thsoratical  Improvennent.  The  radar 
ayatem  ia  also  cuatomarily  operated  in  tbie  way. 

The  reaiUt*'  of  the  meafurement*  arc  plotted  on  Fig.  7.  Both  input  and  output 
aignal-to-noise  ratio*  have  been  plotted  a*  a  function  of  rJia  corrclation-detectci' 
dc  uutpu:  voltage.  TTus  .-ullage  is  proportional  to  the  input-signal  amplitude. 

The  graph  shows  that  ih*  smallest  deiartabla  eienal  ie  ?.H,4  db  below  the-  r.oisa 
level  and  that  the  minimum  detectable  aignal  level  at  wlach  the  pull-in  range  ia 
±90  CBS  ia  26.5  db  bslou-  the  r.oisa  lavsl  iu  tV-i*  il,- 

ta  16.0  db  above  the  output  no'se  level.  Hence  ilre  total  improvement  here  1* 

12.5  db.  With  larger  input  isvvlSg  tt«<;  tot«A  reAchei  ve^y  ncd-rly 

14.8  db.  In  automatic  alarm  radar*,  where  output  signal -to-nuiae  ratios  of  12  db 
and  up  are  required,  ver-,  nearly  all  of  the  total  improvement  in  signal-to-noiae 
ratio  would  be  usable,  from  the  minimum-requirsmsnt  standpoint.  Th^  ihreshiiid 
o*i*cxoT  in  tK®  Mutir  in  i  choice  cf  positive -output 

aignal-to-noise  ratios  lying  anywhere  from  aero  db  to  20  db.  Once  the  signal  dc 
output  voltage  exceeds  the  selected  level,  the  several  indicators  are  awitebed  on 
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to  Announce  the  acquiiition  of  a  largei  And  at  the  same  time  to  make  the  target 
information  available.  Data  have  been  taken  with  the  narrow-bandpass  and  100-kc 
rejection  filter  bo'h  in  and  out  of  the  cuain,  -ith  idenfcal  results;  therefore  only 
one  ataoh  is  shown. 


J  -  t h«( »r»  •f 

•  (<!•«  f 1 1 « •» 


Th«  tiT'nTcn./-ernert  shoivn  un  Fig.  ^  is  foi  a  duly  fa<  tt-r  of  Q.Jao.  Wnen  the 
input  signal  and  ubisc  has  a  duly  facior  of  I  G,  it  i;  t^und  that  the  input  signau- 
to-r>oise-ratio  curve  is  movc.i  V.O  "’h  lowsr.  Then  the  minitnuin  detectable  signal 
levsl  is  15, b  db  below  the  noise  level,  instead  of  Zi-.5  db.  Data  were  taken  with 
a  duty  tactor  of  1.0,  but  it  was  not  presented  graphically.  Conversely,  if  the  duty 
factor  is  reduced,  the  input  aignal-to-noiee-ratio  curve  will  move  upward,  reduc¬ 
ing  the  overall  improvement. 


PSIKT  OR  MANGE  Or  THE  SYSTEM 

Now  that  the  perfoi  mance  oi  the  coreacorrclation  circuits  with  simulated 
algnals  is  kuuwn.  the  question  arises,  will  any  desradatlon  in  Deriorinanca  nrr-uT 
wiiii  actual  target  signais7  Degradation  primarily  refers  to  an  undesirable 
increase  in  the  minimum  dete>  table  signal  level  due  to  certain  characteristics 
ol  the  target.  Tliereforc,  to  determine  the  poseikle  existence  of  t'.egradalicn  it 
ia  necessary  to  use  target  signals  with  levels  near  the  minimum  detectable  level 
(-26.5  db).  A  calibrated  actlv.. -filter  correlation  detect^;  system  will  readily 
provide  valiuis  for  the  input  nnd  output  aigrial -to -uui se  ratios,  but  a  second 
independent  measurement  of  the  input  signal-to-noiae  ratio  is  necessary  if  a 
nneaiungful  determination  of  degradation  is  to  be  acliieved. 
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Me^turcment  oi  »  many  ub  belou'  the  noise  levol  is  a  dil/icult  task 

v,-jthci2t  Cfle  method  i»  actually  to  select  and  measure  a  target  echo 

at  thi  output  of  the  4 .0*kc •bandwidth  filter  that  is  .ibov'e  'he  noire  level,  then 
lij'up  the  Lranarr.ittcr  power  a  known  amount,  such  as  ZO,  Z6,  iZ  Hb,  etc  the 
dSS’JinptiOfi  buing  that  th‘  m  eiveu  e^l»u  will  cico  be  Ky  the  same  iiumher 

02  ao.  This  is  me  ji«vthc'f  tb***  ****‘*  ^•^piny^d.  The  ijiput  signal  -  to-noise  level  to 
the  c  1  otscorreiaiion  sysiem  was  ritcasared  at  the  o.vtput  of  the  receiver,  where 
the  signal  and  nc'ise  arc  narrowed  to  4A  .■‘C  by  the  -I.O-kc^bandpasi)  filter  (Fig.  1).. 
A*  the  same  time,  ihv  outpu*  -  t  th«'  .'.-.rrclaticr.  wa»  me^sLjred  both  with 

the  higii'lcvel  rignal  and  the  redti*  ^d*lev«l  signal.  The  output  signal -to-noise 
ratio  was  rlle«^■Jr«.'d  in  both  case^. 

With  a  kxiowledge  of  the  correlation^detector  output  dc  voltage,  the  input 
signal  •to-noise  rstio  that  the  correlation  nystsm  claims  to  see  in  a  ’!>.0>kc 'input 
bandwidth  can  be  r«ad  from  a  calibration  gr.&ph  such  as  Fig.  7.  This  can  be 
ccmpar«‘d  with  the  independent  measurement  of  Input  signal  •to-noise  ratio  both 
at  high  and  levels.  At  high  levels,  e  close  agreement  between  the  two  readinsi 
should  be  found,  provided  the  independent  reading  is  made  with  due  caution,  as 
will  be  discussed  later,  U  agreement  exists,  then  the  methods  employed  in  both 
the  mcusuremeui  «i>u  ».Mlibrat..)n  of  ihe  <Arr*i«tion  •yslc/xi  anu  the  measurement 
of  the  independent  signal 'to*noise  ratio  will  in  large  part  be  validated.  With  low 
Isiels.  a  close  agreement  between  the  two  readings  will  indicate  little  or  no 
degradation  of  the  performa/^cs  of  the  crosscorrelalion  system  w'iih  suiusl  tMigi;ta. 
Additionally,  the  total  tfnprovemeni  uf  the  system  will  sNo  be  known. 

The  high'levcNinput  as  ratio  was  measured  at  (he  output  of  the 

4 .O^kc 'Wide,  500*kr  haidpats  'ititer.  as  shov  n  on  Fig.  1.  A;',  oscilloscope  was 
tA  display  the  i'f  signal  direclJy  v/ithout  rectificstion.  Thi  s  was  dune  to  maintain 
linaarity  m  the  dispUy  as  weU  as  in  the  system.  Consequently,  the  peak  factor 
of  the  white  noise  will  be  the  same  aa  in  the  previous  discussion,  and  the  seine 
me^iuriAg  methods  can  be  used.  Th«  pulse  signals  as  well  ai  the  noise  will  W 
bipolar,  lha  noise  level  in  obtained  by  seUvt^ug  a  point  on  the  scope  trsve  free 
of  signals  and  reading  the  peak'vU'>««ul..  voltage  and  then  diviHir>g  by  twir#  the 
peak  factor.  Likev/ise,  the  amplitude  is  dstermir.sri  by  selecting  &  pulse 

signal  which  i«  clxTarly  above  the  soise  ievel  «j>U  reading  the  pedJC'tO'prak  value 
of  the  signal  plus  noisr,  rides  on  it*  signai.  This  peak'to'pcak 

reac'xt.g  is  determined  in  the  same  manner  as  the  noise,  because  it  Ls  ibs  sum 
of  the  two  that  is  desired.  Since  the  signals  simply  add,  thtf  noise  can  be  sub¬ 
tracted  from  the  signal  plus  noise,  leaving  only  the  value  of  the  signal.  Hence 
the  ratio  ot  me  two  may  be  .ak^r.. 

Signals  well  above  the  luiSc  level  were  selected  for  measurement  to  eliminate 
the  signal -to-nuise- ratio  enhancement  eifer:ts  nf  integrstion  by  scope  or  observer 
such  as  would  occur  with  sniali  signals  just  below  the  noise.  Here,  repetitive 

will  ba  enhanced  by  persistence  of  the  phosphor  and  the  eye  of  the  observer. 
Another  resson  adso  exists  for  selection  oi  targe  signals,  Ihai  i.:  the  fc.;: 
that  loiig-rangc  bsckecattev  folds  over  and  completirly  ubscures  all  signals  in  ths 
162-naut-mi  range  interval,  established  by  a  500-pps  recurrence  rate  used  in  the 
crosacorrelatioii  studies.  In  order  to  uncover  the  8igiia.’'.s  and  to  resolve  the 
backscatter,  a  lower  recurrence  rate  was  used  when  measuring  the  input  ratio 
only.  The  input  signal-to-QOi#e  rarioe  measured  at  the  lox*er  recurren*^  rate 
are  identical,  when  large  signals  are  used,  to  ihosr  mcasurvd  at  SOC  pps.  T.His 
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WAS  demoni>ir«ted  by  varying  the  recurrence  rate  over  the  full  range  on  the 
occastonil  day  v/her,  no  bochscatter  v'*5  present  and  observing  the  signal  and 
roiae  Ievei»>  In  this  case,  only  a  change  in  intensity  could  be  noticed. 

When  measuring  input  and  output  slgnal*to*noise  ration,  compensable  errors 
can  ar.se  liiie  lo  ociier  caueus.  The  lauet  uuv&uua  ^vruc  is  due  to  inoveiueni  ui 
the  target  urithin  the  receiver  gate  during  the  time  required  to  make  the  input 
measurements  and  the  output  measurements .  This  procedure  reQuires  several 
mtnuteSi  because  the  input  and  output  ratios  must  be  taken,  then  the  power  dropped, 
Ume  allowed  for  the  narrow-band  acquisMion,  readings  tak^n,  power  restored,  and 
linally  input  levels  recheckcd.  The  input  signal -to-noise  ratio  can  be  read  whether 
the  Signal  it  in  the  gate  or  not,  but  the  crosscorrelaiion  system  cannot  perform 
without  a  signal  in  the  gate.  Therefore  if  the  signal  has  moved  partly  out  of  the 
g;&te,  a  suitable  compensation  must  be  made;  this  is  readily  accomplished. 

A  second  source  of  error  l»  «  chanos  in  i-nput  »«A«.!st>i9e  level  occurring 

within  the  measuring  time  .  This  is  corrected  by  a  rec'neck  on  the  inp^t  ratio. 

Spike  noise  is  also  a  sourre  of  error  that  is  difficult  to  correct.  It  i»  eaaler 
to  avoid  this  noise.  This  is  done  by  selecting  obeervation  times  relatively  free 
of  spike  tioiie* 

Accelerating  targets  can  be  expected  to  modify  the  perfc*rm:M'«Cw  ihe  active- 
filter  correlation  system,  *<*^wever,  the  acccleratious  iuvolveu  iu  fast  turns  of 
jet  and  commercial  aircr  *hs  source  of  target  echos  reported  herein*  do  not 
appear  to  increase  the  n%in..num  detectable  signal  level. 

Data  have  been  taken  o.i  many  aircraft  targets.  Figure  8  shows  the  deviauun 
of  tbs  high-Uv«l -input  signal -to-uoise  ratio  of  the  active-flUer  correXatiorio 
dctscUon  system  from  the  measured  Hlgh-leveUinput  signal •to-noise  ratio  for 
a  I'^mbst  of  observations.  The  deviations  reach  as  much  as  6.0  db,  which  may 
be  explained  by  the  difficulty  of  the  measurements.  However,  the  important  point 
to  note  is  that  the  deviations  center  on  xsto  dh.  Henr#,  on  r>»'-  »he  ggree- 

the  CCr rclatlua-Syslcui  caliuraUOn  and  ihc  input  rnensureTteiitS  iS 

good. 

Performance  of  the  activc-fUtev  correlation-detector  system  sdlh  signals 
near  the  minimum  dotsclaule  level  is  shown  on  Pig.  9.  Here  a  comparison  is 
made  of  the  deviation  of  the  cnrrelatim  svstem's  low'-level-input  slenal-to-notAi;.. 
ratio  reading  from  the  measured  input  signal '•fo -noise  ratio  reduced  by  the  a^«iOUui 
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of  the  drop  in  tranenrutter  power.  Again,  the  deviation  it  aizahle,  but  the  average 
ie  zero  db.  Thut.  once  inore  the  agreement  ie  good.  Thie  is  an  important  find- 
iiigt  lur  it  indicates  that  there  i>  little  degrada’ion  in  the  performance  of  the  active 
filter  and  correlation-detector  system  with  th-s  type  of  targets  mentioned,  even 
with  the  target  iltnalt  buried  lu  uoiae.  Conversely,  Uus  aleo  indicates  little 
incoherence  in  aircraft  echos  at  this  operating  frequency . 


th*  ata%vr-«d  jfttu*  */><  r«tio 


The  t‘jisl  improvement  it*  signal -to -not sc  ratio  may  also  be  obtained  from 
the  data.  Figure  IC  shows  the  Improvement  realized  with  reduced  power,  when 
the  input  signal  was  met  above  the  minimum  detectable  level.  The  curve  shows 
a  2.6-db  spread,  with  the  upper  limits  approaching  the  theoretical  improvement. 
Thu«  good  agreement  with  theory  eaists. 

These  ^e»ul.a  another  accomplishme.it,  and  that  i»  the  abilixy  of 

the  system  to  detect  moving  targets  with  no  loss  in  crosscorrelation  efficiency 
through  r^ngc-amhiguyue  back.caitvr  (flutter),  which  often  reaches  amplitudes 
In  excess  of  60  4b  over  ihs  receiver  noise  As  previousiy  mentiooed,  the 

backscatter  is  rejected  by  the  narrow-band  rejection  filter  in  the  100-kc  i-f  chain. 


CONCLUSIONS 

Measuremems  of  the  active  filter  with  eimulavea  signals  and  nuise  indicate  Uiai 
near-theoretical  improvement  in  output  signal -to-r-oise  ratio  over  input  signal- 
to-nolsa  ratto  ca**  we  achieveu.  Vfher*  ths  p^rformcuice  of  tlje  complete  hiusic 
radar  system  is  measured  with  actual  aircraft  targets,  no  degradation  in  results 
from  those  obtained  with  simulated  signals  can  be  fotind.  At  the  input,  the  minimum 
detectable  zignal  level  is  Z6.S  db  betnw  Ute  noise  level,  and  with  this  Input  level 
the  o^atput  signal  ievei  is  lo.u  dO  above  xne  noise  level,  inese  reauit'«  aiso  snow 
that  the  system  Is  fully  capable  of  completely  rejocting  the  effects  of  large  back- 
scatter  clutter  encountered  in  the  hf  band. 
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